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Abstract 
Nowadays, Carbon Fibre Reinforced Plastic (CFRP) is widely used in Aerospace Industry. Because of this, main aerospace 
companies' projects include a high percentage of composites. These kinds of materials are usually drilled due to the high 
number of holes required in the assembly operations of structural elements. During machining process, some of the most 
relevant defects that can be produced in the dry drilling of CFRP are located in the input and output of the holes, and they are 
known as Break-IN (B-IN) and Break-OUT (B-OUT).  
In this paper the results of an applied methodology are presented for the evaluation of these defects based on the damaged area. 
This area is calculated from image analysis of the holes. For that purpose, dry drilling tests using uncoated WC-Co drills have 
been conducted. 
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1. Introduction 
The excellent relationship weight/physicochemical properties –compared to metallic materials traditionally 
employed- have provoked a progressive increase of composite applications, mainly CFRP (Carbon Fiber 
Reinforced Plastics), in airships building, Fig. 1, Mayuet et al. (2013). This allows incorporating a higher load 
without needing to increase the energetic consumption and it also guarantees a maintenance –and even an increase- 
of the excellent conditions of security that are required in the air transport. The structural elements manufactured in 
CFRP require usually the application of drilling operations previous to assembly tasks, Mayuet et al. (2013), DeFu 
et al. (2012). 
Machining processes of composites differ significantly in many aspects of the machining processes of metallic 
materials, since they behave as non-homogeneous and anisotropic materials, strongly depending on the features and 
content of their constituents (matrix and reinforcement). Because of this, during the cutting processes, the tools 
come into contact alternately -but not periodically- with the carbon fiber and the matrix. The response of each 
material is commonly very different DeFu et al. (2012). The case of CFRP requires the use of tools with high 
hardness and geometry with specific features, essentially due to their abrasive nature Abrao et al. (2007). CFRP 
special microstructure makes that it can be found machining defects which are very different to those found in the 
case of metallic materials. In particular, in drilling processes, the input and output of the holes presents splintering 
caused by the pull on the fibers known as Break-IN (B-IN, input) y Break-OUT (B-OUT, output). 
 
 
 
 
 
 
 
 
 
Fig. 1. A comparison of weight percentages of use of the main materials in the Airbus A350 XWB. 
Frequently, B-IN and B-OUT defects mistake delaminations, although this term must be apply only to defects 
inside the hole. Usually, the evaluation of B-IN/B-OUT defects has been measured only as of the relation between 
nominal a defect diameters though, in many cases, values little associated to defects have been observed. This 
paper reports on the results obtained to apply a methodology for the evaluation of Break-IN/Break-OUT defects in 
dry drilling processes of CFRP. This methodology is based on the evaluation of the damaged area employing image 
analysis of the holes in the input and outputs of drills. 
2. Experimental Procedure 
CFRP plates with a copper mesh in one of the faces have been used with interlaced fibers with orientation at 0° 
and 90°, stacked in thickness 200 mm with autoclave curing, Fig. 2. The prepreg that stems the material has a 
weight of 333 ± 25 g/m2, with epoxy resin content of 42 ± 2%. The curing temperature is 400 ± 5K and the play 
thickness is 0.210 ± 0.020 mm. 
Dry drilling tests of CFRP plates were conducted in a Kondia machining center, model Five 400 with 5 axis 
equipped with numeric control Heidenhain iTNC530. According to DeFu et al. 2012, Abrao et al. 2007, Rawat et 
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al. (2009), Lin et al. (1996), Piquet et al. (2000) speeds, S, between 5.000 rpm and 15.000 rpm and feeds, f, from 
0.025 mm/rev and 0.1 mm/rev have been established as cutting parameters. 
Fifty drills were performed on each pair of conditions (S, f), employing uncoated carbide drills (WC-Co), with 
standard geometry, Table I. 
 
 
          (a)       (b) 
 
 
 
 
Fig. 2. (a) CFRP plate; (b) warp and weft details. 
 
Table 1. Basic geometric elements of the drill employed 
Drill Helix angle Point Angle Helical Edges 
Twist 28º 118º 2 
 
After testing, a study of the changes on the tool was conducted by applying Stereoscopic Optical Microscopy 
(SOM) techniques, making use of a Nikon SMZ800 Stereoscopic Microscope, and by applying Scanning Electron 
Microscopy (SEM) and Spectroscopy Energy Dispersive (EDS) using the SEM/EDS available equipment on the 
Central Services of Science and Technology of the University of Cadiz. Simultaneously, the holes were inspected 
using a surface focus variable  projection equipment TESA Visio 300. 
 
3. Results and Discussion 
3.1. Tools 
In general, the wear mechanisms encountered in the machining processes of CFRP composites show common 
features that, according to Rawat et al. (2009), Lin et al. (1996), Piquet et al. (2000) are due, on the one hand, to the 
thermo-mechanical interactions produced and, on the other hand, to the tool-workpiece, where the type of 
predominant wear is the abrasive. 
As it was stated before, SOM, SEM and EDS techniques have been employed in order to evaluate the tool wear 
by inspecting the tools every ten drills. Even though it has been studied the location and evolution of wear, its 
different mechanisms and evolution are not part of the objectives of this paper. 
In the initial moments of machining, morphological changes begin to occur in the cutting edges of the tool. 
These changes are caused by high dynamic stresses affecting the grains that compose its structure. These are 
mainly produced by impacts of the material on the tool of broken fiber and detached powder chip. This causes that 
small micro cracks can be initiated in the tool, which then will spread within the grains of the material of the tool 
causing their detachment. According to Rawat et al.( 2009), this phenomenon contributes to the formation of wear 
on various parts of the drill when the particles slip through it, Fig. 3, propitiating the rounding of the edges of the 
tool. 
746   P. Mayuet et al. /  Procedia Engineering  63 ( 2013 )  743 – 751 
Subsequently, the wear rate is maintained approximately constant during the drilling process. At this stage, 
depending on the type of test, the edges still support high stresses and chipping based wear begins to be detected at 
different locations of the tool. Fig. 4 shows the appearance of this type of wear characteristic in mills and drills, as 
well as the increasing the cutting corner rounding. 
Tungsten carbide, brittle by nature, is incapable of withstanding the initial stresses and therefore edge parts tend 
to flow out, Fig. 4. The cracks generated due to chipping are spread slowly during the drilling tests, increasing the 
tool wear. Specifically, according to Rawat et al. (2009), with increasing wear, the WC grains show a larger area 
and its weakness increases due to loss percentage of cobalt as a result of the impact and abrasive particle 
entrainment from the fiber. 
 
 
 
 
 
 
 
 
Fig. 3. Initial tool wear after 10 drills. 
 
          (a)       (b) 
 
 
 
 
Fig. 4. (a) Chipping wear localised in cutting edge; (b) rounding of the tool (cutting parameters: S = 15.000 rpm. f = 0,1 mm/rev). 
Finally, it is worth noticing the importance of selected cutting parameters for drilling CFRP. An example of this 
brought about by the influence of the cutting speed and feed due to increased temperature and mechanical stresses 
that are generated. Fig. 4 and Fig. 5 show in detail the state of the cutting area after fifty drills. 
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Fig. 5. Image of the drill after 50 drills (a) S = 15.000 rpm. f = 0,05 mm/rev ; (b) S = 5.000 rpm. f = 0,1 mm/rev. 
Moreover, the high temperature can melts the epoxy matrix, giving rise to a resin deposition with chip along the 
flutes of the tool and producing wear by adhesion Rawat et al. (2009), Lin et al. (1996). Concerning the influence 
of feed, it has a significant impact on the surface quality and the formation of delaminations. All this will be 
analyzed and discussed in later defect studies. 
Finally, Fig. 6 shows SEM images of chipping wear of the twist drill shown in Fig. 4. On the other hand, EDS 
acquired on wear areas reveal a higher presence of residual carbon and a low Co content. These changes weak the 
tool and facilitate the wear progression. 
 
   (a)                                                                          (b) 
 
 
 
 
 
 
Fig. 6. (a) SEM Image of the drill after 50 drills. S = 15.000 rpm. f = 0,05 mm/rev. Chipping wear detail by SEM microscopy;  (b) EDS 
analysis performed in chipping wear area 
Tool wear provokes a loss of initial conditions of drilling (compositional and geometrical) leading to a possible 
increase of defects on the input and output of drills, and it can be reflected in B-IN and B-OUT. 
 
3.2. Workpieces 
The analysis of the workpieces has allowed characterizing the defects in holes. These defects will depend on the 
nature of the material, the cutting tool wear and the cutting parameters selected. 
The most common type of defects in drilling of CFRP is the delamination and it is affected by the behavior of 
the composite when the axial forces generated during machining are very high Hocheng et al. (2005), Tsao et al. 
(2005). This can causes a separation of the layers of the material. The interface between the fibers of material offers 
low resistance to avoid time crack propagation, depending only on the properties of the matrix, much less resistant 
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than fiber. Delaminations may also be formed as a result of imperfections when the composite material is 
processed, due to cracks caused by fatigue due to low speed impacts, by concentration of stresses in a near region 
to material discontinuities or edges of material, by concentration of efforts in a region near the material 
discontinuities or edges of the material, or due to too high inter-layers stresses. When delaminations appear in the 
surface, the CFRP fibers are splintering and they are so-called Break-IN (input) and Break PUT (output). 
The drilled holes appearance has been studied by metrological projection techniques allowing characterize the 
defects according to the number of drills and cutting parameters. Table 2 shows the evolution macrographs of holes 
for dry drilling conditions indicated. 
On images displayed is observed the gradual appearance of defects, such as output delamination or splintering 
according the wear is increased, especially in compression cutting area due to the angle created among directions 
fibers contained in the layers and the direction of cutting edge Hocheng and Tsao (2004). Habitually, delamination 
(B-IN/B-OUT) defects have been measured starting from a criterion based in a diameters comparison: 
nom
máx
D
DFd    (1) 
 
In this equation, Dmáx and Dnom denote the maximum diameter of the observed defect and the hole nominal 
diameter, respectively. Equation (1) can mask the intensity of the defect and it refers only to the maximum value of 
a longitudinal variable, so that single defective point returns the same value Fd than one with many defects but with 
a maximum diameter of the same value. These smaller but implicit errors can well be evaluated through 
implementing a criterion based on areas and given by relation: 
 
%
nom
nomdel
A
AADF    (2) 
 
where Adel is the cumulative peripheral damage area or simply delamination area; on the other hand, Anom is the 
nominal area of the hole drilled. 
Table 2. Evolution of defects to output. S = 15.000 rpm. a = 0,025mm/rev 
 Drill 1 Drill 25 Drill 50 
 
 
Twist Drill 
 
 
 
   
 
For both criteria, SOM micrographs have been acquired at input and output faces of holes -with a fixed 
magnification to guarantee the comparison of results- using digital image processing in order to evaluate B-IN/B-
OUT defect. Fig. 7 shows a relationship pixel/measurement of the image captured. 
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   (a)       (b) 
 
 
 
 
 
 
 
Fig. 7. Evaluation parameters of delamination factors for (a) the expression (1) and (b) the expression (2). 
The data obtained from delamination factor determine the defects caused by wear of the tool according to the 
number of holes and cutting parameters. Fig. 8 and Fig. 9 compare the contact surfaces of the sets of points (a, S, 
delamination factor) (B-IN and B-OUT) calculated from the values of diameters and areas used for the calculation 
of factor delamination to the input and output. 
In a first observation from both figures, it can be seen how the values of Fd are comparatively much higher that 
the values obtained by DF. This in an indication that Equation (1) includes more damage that the evaluation 
performed using the areas of the Equation (2). According to this, and considering that this way of calculate DF may 
require to do a finer adjustment, it is understood that it can be given as a valid alternative to the evaluation from the 
maximum diameter of the hole. Furthermore, with regards to B-IN defects, Fig. 8 shows that maximum and 
minimum values are at the same points, intermediate feeds and high speeds, which is in good agreement with that 
collected in other papers for high-speed drilling. However, the evolutions set trends more pronounced when the 
expression (2) is evaluated. When speed is increased, the slopes at low feeds for delamination factor (S) are higher 
when calculated from the areas. This shows the capacity to get closer to the assessment of damages for the factor 
calculated by (2). 
Something similar occurs when analyzing Fig. 9. Notwithstanding, in this case, there is not a concordance of 
minimums. In accordance with Faraz et al. (2009), traction forces to the output would correspond to less damage to 
the cut for high speeds and low feeds, so the value Fd may be more representative of damage when calculated by 
(2). 
 
(a)                                                                                     (b)                                                                                          
                                                                                
 
 
 
 
 
 
Fig. 8. Surfaces (f, S, Fd/DF) for the evaluation of defects B- IN from (a) calculation of areas and (b) calculation of diameters. 
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4. Conclusions 
CFRP dry drilling tests using uncoated WC-Co twists drills have been conducted. 
From the analysis of drilling tools, it has been established that the predominant mechanisms of wear, main 
vehicles of geometry loss and properties of the tool, are the abrasion due to the fibers and, to a lesser extent, the 
adhesion. Conditions loss by chipping of the tool is the main cause of increase in the intensity of the defects in the 
drilled. These defects occur with different intensity depending on the speed (S) and the feed (f). Among them, 
delaminations or spalling produced at the input (Break-IN) and the output (Break-OUT) of the drills have been 
studied. For the evaluation of this defects has been proposed the factor in the equation (2) based on the calculation 
of the percentage change of the affected area versus nominal area. The obtained values between both equations 
have been compared. The results have highlighted that the behavior of the function Fd (S, a) is similar in relative 
terms for the two factors, but that the calculated areas is more sensitive to damage. 
Finally, it has been determined that the maximum values for B-IN/B-OUT defects are reached when lowest 
speeds and feeds are applied. It can be associated with the duration of the thermo mechanical effect on the 
workpiece. 
(a)                                                                                    (b)                                                               
 
 
 
   
 
 
    
 
Fig. 9. Surfaces (f, S, Fd/DF) for the evaluation of defects B- OUT from (a) calculation of areas and  (b) calculation of diameters. 
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